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FODGGLQJRURYHUFODGGLQJSDQHOV7KHWKHUPDOSHUIRUPDQFHRI76&VFDQEHPRGHOHGKRZHYHUFXUUHQWDSSURDFKHVWHQGWRUHO\RQ
QRQUHDOLVWLFDVVXPSWLRQVDQGVLPSOLILFDWLRQVFDVWLQJGRXEWVRYHUWKHUHVXOWLQJDFFXUDF\7KHDLPRI WKLVUHVHDUFK KDVEHHQWR
SURYLGHD FRPSUHKHQVLYHQXPHULFDOPRGHO IRU76&VXVLQJ&RPSXWDWLRQDO)OXLG'\QDPLFV &)' DEOH WR WDNH IXOO DFFRXQWRI
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SDUWLFXODUO\ DURXQG WKH SHUIRUDWHGSODWH DQG WKH YDULRXV
W\SHV RI KHDW WUDQVIHU WKDW RFFXU0DQ\ RI WKHVH DUH QRW HDVLO\ PRGHOHG XVLQJ FRQYHQWLRQDO &)' EDVHG DSSURDFKHV XVHG IRU
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7KHPRGHOFRPSULVHVDIXOOVL]HVHFWLRQRIDW\SLFDO76&WKDWFDQEHHDVLO\PRUSKHG$PXOWLEORFNPHVKLQJDSSURDFKZDVXVHG
WR UHGXFH JULG VL]H DQG WR FDSWXUH MHW IORZV WDNLQJ SODFH LQ WKH SOHQXP UHJLRQ WKURXJK WKH SHUIRUDWLRQV :KHQ FRPSDUHG WR
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NQRZOHGJHWKHPRGHOUHSUHVHQWVWKHPRVWFRPSUHKHQVLYH76&VLPXODWLRQWRROVRIDUGHYHORSHG
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3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH&(1752&21*5(66,,17(51$=,21$/(65/
.H\ZRUGV7UDQVSLUHGVRODUFROOHFWRUV&RPSXWDWLRQDO)OXLG'\QDPLFV+HDW7UDQVIHU
 ,QWURGXFWLRQ
0DQ\ GHYHORSHG DQG GHYHORSLQJ FRXQWULHV DUH DGRSWLQJ WDUJHWV IRU FDUERQ UHGXFWLRQ 7KH 8. IRU H[DPSOH
LQWHQGV WR UHGXFH FDUERQ HPLVVLRQV E\  LQ FRPSDULVRQ WR  OHYHOV E\  >@ %XLOGLQJV LQ WKH8. DUH
UHVSRQVLEOH IRU RI HQHUJ\ XVH DQG RI JUHHQKRXVH JDV HPLVVLRQV ILJXUHVZKLFKDUH UHODWLYHO\ W\SLFDO RI
&RUUHVSRQGLQJDXWKRU7HO
(PDLODGGUHVVVWDMGDUDQ#EURRNHVDFXN
Available online at www.sciencedirect.com
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL
 Sadjad Tajdaran et al. /  Energy Procedia  78 ( 2015 )  2238 – 2243 2239
PDQ\(81RUWK$PHULFDQDQGRWKHUJHRJUDSKLFDUHDV
5HGXFLQJ GHSHQGHQFH RQ FRQYHQWLRQDO K\GURFDUERQ KHDWLQJ WHFKQRORJLHV UHTXLUHV WKH GHYHORSPHQW DQG
RSWLPLVDWLRQRIYLDEOHDOWHUQDWLYHV\VWHPVZKLFKFDQUHSODFHRUEHXVHGLQFRQMXQFWLRQZLWK FRQYHQWLRQDOEXLOGLQJ
KHDWLQJ V\VWHPV  :LWKLQ WKH UDQJH RI QRYHO KHDW JHQHUDWLRQ WHFKQRORJLHV 7UDQVSLUHG 6RODU &ROOHFWRUV 76&V
RULJLQDOO\GHYHORSHGIRUFURSGU\LQJDQGLQGXVWULDODSSOLFDWLRQVKDYHEHHQVKRZQWREHDQHIIHFWLYHDQGVXVWDLQDEOH
PHWKRGRISUHKHDWLQJVXSSO\DLUWREXLOGLQJV>@
76&VDUH EXLOGLQJ FODGGLQJ V\VWHPV WKDW FDQ JHQHUDWHKHDWE\ FROOHFWLQJ VRODU UDGLDWLRQ7KH V\VWHPQRUPDOO\
FRPSULVHVDZDOOPRXQWHGSHUIRUDWHGVKHHWWKDWDFWVDVDQDEVRUEHUSODWHIRUVRODUUDGLDWLRQ6RODUUDGLDWLRQKHDWVWKH
DEVRUEHUSODWHZKLFKWKHQWUDQVIHUVKHDWWRWKHDLUIORZLQJLQWKHSUR[LPLW\RILWVVXUIDFH7KHDLULVGUDZQWKURXJK
WKH SHUIRUDWLRQV LQWR D SOHQXP EHKLQG WKH DEVRUEHU SODWH EHIRUH EHLQJ GXFWHG LQWR WKH EXLOGLQJ XVLQJ ORZ
FRQVXPSWLRQ IDQV DV SDUW RI WKH YHQWLODWLRQ UHTXLUHPHQW )LJ  $ QXPEHU RI JHRPHWULFDO FKDUDFWHULVWLFV DQG
FOLPDWLF YDULDEOHV DIIHFW WKH HIILFLHQF\ RI 76&V KHQFH NQRZOHGJH RI WKHLU LQIOXHQFH LV HVVHQWLDO IRU V\VWHP
RSWLPLVDWLRQ
([SHULPHQWDO UHVHDUFK FDUULHG RXW RQ VPDOOVFDOH SK\VLFDO 76& SURWRW\SHV > @ WHQG WR EH LQKHUHQWO\ QRQ
UHDOLVWLF DV UHDO VL]H DQG FOLPDWLF YDULDEOHV DUH GLIILFXOW DQG H[SHQVLYH WR UHSURGXFH &RQYHUVHO\ QXPHULFDO
DSSURDFKHV DUH FRVWHIIHFWLYH DQG PRUH IOH[LEOH > @ ,Q SDUWLFXODU &RPSXWDWLRQDO )OXLG '\QDPLFV &)'
PRGHOOLQJSRWHQWLDOO\RIIHUVDPRUHUHDOLVWLFLQVLJKWLQWRWKHGHWDLOVRIKHDWWUDQVIHUDQGIOXLGIORZIRU76&V\VWHPV
,QRUGHUWRSURSHUO\PRGHO76&VXVLQJ&)'YDULRXVIDFWRUVQHHGEHWDNHQLQWRDFFRXQWLQFOXGLQJYDULDEOHIORZ
UHJLPHV DQG IORZ QRQXQLIRUPLWLHV MHWV WKURXJK SHUIRUDWLRQV FRPSOH[ ERXQGDU\ OD\HU GHYHORSPHQW DORQJ WKH
DEVRUEHU SODWH DQG WKH YDULHG IRUPV RI KHDW WUDQVIHU WKDW RFFXU 0RGHOV PXVW DOVR WDNH LQWR DFFRXQW YDULDEOH
DWPRVSKHULFFRQGLWLRQVDWWKHH[WHUQDOERXQGDULHVDQGVSHFLILFIORZFRQGLWLRQVDWWKHLQWHUIDFHEHWZHHQIUHHVWUHDP
DLUIORZDQGVROLGVXUIDFHV)OXLGYHORFLW\SOD\VDFKDUDFWHULVWLFUROHLQWKHLQWHUDFWLRQEHWZHHQIUHHVWUHDPDLUIORZ
DQGVROLGVXUIDFH9HORFLW\LVFRPPRQO\DVVXPHGWREH]HURDWWKHIOXLGVROLGSODWHLQWHUIDFHDQGWKLVOHDGVWRWKH
HVWDEOLVKPHQW RI D ERXQGDU\ OD\HU DGMDFHQW WR WKH VROLG %DVHG RQ 6FKOLFKWLQJ¶V KRPRJHQRXV VXFWLRQ WKHRU\ >@
ZKHQWKHIORZLVODPLQDUDQGWKH5H\QROGVQXPEHULVEHORZDQDV\PSWRWLFERXQGDU\OD\HUHVWDEOLVKHVRYHU
WKHSHUIRUDWHGIODWSODWHDIWHUDVSHFLILFVWDUWLQJOHQJWK7KHPLQLPXPVXFWLRQYHORFLW\WKDWPDLQWDLQVWKHVWDELOLW\RI
WKHDV\PSWRWLFERXQGDU\OD\HULVJLYHQDV ௦ܸ ൌ ͳǤʹͶ ൈ ͳͲିସܷஶ
)LJ6FKHPDWLFGLDJUDPRIWKHWKHUPDOILHOGLQ76&V
.XWFKHU >@GHYHORSHGDQHPSLULFDOFRUUHODWLRQ IRU IODW76&VKHDW ORVVE\DSSO\LQJ6FKOLFKWLQJV¶VWKHRU\7KH
DV\PSWRWLFERXQGDU\OD\HULVUHDFKHGZKHQWKHUHLVQRHQHUJ\DQGPRPHQWXPWUDQVIHULQWRWKHERXQGDU\OD\HU>@
7KHWKHRU\DQGWKHXQGHUO\LQJDVVXPSWLRQPD\QRWEHUHSUHVHQWDWLYHRIUHDODSSOLFDWLRQVZKHUHVXFWLRQWKURXJKWKH
SHUIRUDWLRQV LVQRQKRPRJHQRXV DQGZKHUH WKHDSSURDFKLQJ IORZ LVQRW ODPLQDUDQG XQLIRUP >@%HFDXVH RI WKH
KRPRJHQRXVIORZDVVXPSWLRQZKLFKFDXVHVDUHSHDWLQJIORZEHKDYLRXUDIWHUWKHVWDUWLQJOHQJWKVRPHH[SHULPHQWDO
VWXGLHVGLGQRWLGHQWLI\WKHQHFHVVLW\WRH[WHQGWKHVL]HRIWKHV\VWHPLQYHVWLJDWHGOHVVWKDQPLQVL]HWRODUJHU
PRUH UHDOLVWLF V\VWHPV DV EHLQJ XVHG LQ EXLOGLQJV > @7KHVH LPSRUWDQW SK\VLFDO FRQVWUDLQWV FDQ EH RYHUFRPH
XVLQJ'QXPHULFDOPRGHOOLQJDQGWKHDYDLODELOLW\RIDSSURSULDWHFRPSXWLQJUHVRXUFHV
:LQGVSHHGሺܷஶሻDQGVXFWLRQYHORFLW\ሺ ௦ܸሻKDYHEHHQFRQVLGHUHGDVFUXFLDOYDULDEOHVWKDWFKDUDFWHULVHWKHIOXLG
IORZDQGKHDWWUDQVIHULQ76&V>@,WKDVEHHQQRWHGWKDWLIWKHVXFWLRQYHORFLW\LVUHODWLYHO\ODUJHWKHERXQGDU\
OD\HUGRHVQ¶WJURZ WR WXUEXOHQW IORZDQG WKH WKLFNQHVVRI WKHERXQGDU\ OD\HU UHPDLQVFRQVWDQW'HSHQGLQJRQ WKH
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VXFWLRQUDWHVXUIDFHSRURVLW\DQGXSVWUHDPIORZW\SHWKHDV\PSWRWLFUHJLRQFDQEHHLWKHUODPLQDURUWXUEXOHQW>@
0RIIDWDQG.D\V>@KLJKOLJKWHGWKDWDWXUEXOHQWERXQGDU\OD\HUWUDYHOVWRDV\PSWRWLFODPLQDUERXQGDU\OD\HUIRUD
KRPRJHQRXVVXFWLRQUDWLR ௦ܸ ܷஶ ൐Τ ͲǤͲͲͶ
1XPHULFDODSSURDFKHVWRPRGHOIXOOVFDOH76&V\VWHPVDUHFKDOOHQJLQJEHFDXVHRIWKHGHPDQGLQJFRPSXWDWLRQDO
UHTXLUHPHQWV $V D FRQVHTXHQFH D UDQJH RI VLPSOLILFDWLRQV FRQFHUQLQJ WKH XQGHUO\LQJ SK\VLFV V\VWHP VL]HV DQG
JHRPHWULHV DQG ERXQGDU\ FRQGLWLRQV DUH URXWLQHO\ DGRSWHG )RU H[DPSOH VRPH PRGHOV DUH EDVHG RQ SHULRGLF
EHKDYLRXURIIORZRYHUWKHDEVRUEHUSODWH>DQG@DQGLQFOXGHHLWKHUMXVWRQHSHUIRUDWLRQIRUIODWSODWHVRU
RQHFRUUXJDWLRQIRUSURILOHGSODWHV/LHWDO>@LQYHVWLJDWHGIORZVWUXFWXUHDQGFRQYHFWLYHKHDWWUDQVIHUIRUDIXOO
VFDOHH[SHULPHQWDODSSDUDWXVPRGHOOHGLQ'XVLQJ&)'WRROV$IXOOVL]HVHFWLRQRI WKHH[SHULPHQWDOGHYLFHZDV
XVHG DV FRPSXWDWLRQDO GRPDLQ DQG WKH UHVXOWV ZHUH YDOLGDWHG ZLWK WKH PHDVXUHPHQWV +RZHYHU UDGLDWLRQ ZDV
H[FOXGHGIURPWKHVLPXODWLRQDQGWKHDSSURDFKLQJIORZZDVVHWWREHSDUDOOHOWRWKHDEVRUEHUSODWH
7KLV UHVHDUFK LQYHVWLJDWHV D VHFWLRQ RI D IXOOVFDOH 76& WDNLQJ DFFRXQW RI ZLQG GLUHFWLRQ DQG D VRODUPRGHO
ZKLFKVLPXODWHVVRODUUDGLDWLRQRQWKHH[WHUQDOVLGHRIWKHDEVRUEHUSODWH7KHVWXG\LVEDVHGRQWKHJHRPHWU\RID
V\VWHP LQVWDOOHG RQ WKH VRXWKIDFHG IDoDGH RI DQ XQRFFXSLHG UHVLGHQWLDO WRZHU DW WKH:KHDWOH\ &DPSXV 2[IRUG
%URRNHV8QLYHUVLW\ ODWLWXGH  ORQJLWXGH 7KH SDSHU GLVFXVVHV WKH LQLWLDO SKDVH RI D UHVHDUFK SURMHFW
DLPHG DW GHYHORSLQJ D FRPSUHKHQVLYH &)'PRGHO ZKLFK ZLOO HQDEOH DFFXUDWH XQGHUVWDQGLQJ RI WKH XQGHUO\LQJ
WKHUPDODQGG\QDPLFPHFKDQLVPV
 0HWKRGRORJ\
$KLJKUHVROXWLRQFRPSXWDWLRQDOGRPDLQKDVEHHQFUHDWHGWRUHSURGXFHWKHSK\VLFDO76&V\VWHPVRDVWRFDSWXUH
WKHPXOWLVFDOHIOXLGIORZEHKDYLRXUZKLFKHVWDEOLVKHVRYHUWKHSHUIRUDWHGSODWHDQGZLWKLQWKHSHUIRUDWLRQVDQGWKH
MHW IORZV WKDW HPHUJH IURP WKHP 7KH H[LVWHQFH RI YHU\ VPDOO FLUFXODU SHUIRUDWLRQVሺܦ ൌ ͳǤͷ ൈͳͲିଷ݉ሻRYHU D
UHODWLYHO\ ODUJH VXUIDFH DUHD ሺʹǤ͹͵݉ ൈ ͳǤ͹Ͷ݉ሻ RI WKH IODW DEVRUEHU SODWH OHDGV WR D PXOWLVFDOH JHRPHWU\
$IIRUGDEOHFRPSXWDWLRQDOFRVWVZHUHDFKLHYHGE\FRQVLGHULQJDUHSUHVHQWDWLYHVHFWLRQRIWKHIXOOJHRPHWU\IHDWXULQJ
IHZHUSHUIRUDWLRQV([SHULPHQWDOGDWDIURPSUHYLRXVZRUNZHUHXVHGIRUPRGHOYDOLGDWLRQDVZHOODVERXQGDU\DQG
LQLWLDOFRQGLWLRQVIRUWKHVLPXODWLRQV>@
6WHDG\VWDWHWKUHHGLPHQVLRQDOFRQVHUYDWLRQHTXDWLRQVRIPDVVPRPHQWXPDQGHQHUJ\KDYHEHHQVROYHGZLWKLQ
WKH FRPPHUFLDO &)' VRIWZDUH 67$5&&0 7KH 5H\QROGV$YHUDJHG 1DYLHU6WRNHV 5$16 5HDOL]DEOH݇ െ ߝ
WXUEXOHQFH FORVXUH PRGHO KDV EHHQ XWLOLVHG IRU WKH VROXWLRQ 7KH LQWHUDFWLRQ EHWZHHQ ERXQGDU\ OD\HU DQG VROLG
VXUIDFHVKDVEHHQFDSWXUHGYLDWKHµ7ZR/D\HU$OO\:DOO7UHDWPHQW¶>@$OOKHDWWUDQVIHUPRGHVZHUHWDNHQLQWR
DFFRXQWZLWKVRODUUDGLDWLRQPRGHOOHGWKURXJKWKHµ6RODUORDGV¶PRGHOZKLFKXWLOLVHVVSHFLILHGWLPHGDWHDQGVXQ
GLUHFWLRQ$]LPXWKDQG$OWLWXGH$FWXDOVRODUUDGLDWLRQLQWHQVLW\GDWDZDVDOVRDYDLODEOHIURPPHDVXUHPHQWV>@
$ µ&RQIRUPDO 7ULPPHU¶ PHVKLQJ PRGHO KDV EHHQ XWLOLVHG WR SURGXFH D UHILQHG IXOO\ FRQQHFWHG DGDSWLYH
KH[DKHGUDO JULG >@ ZLWK W\SLFDO FHOO VL]H RI ͲǤʹ݉݉ DURXQG WKH SHUIRUDWLRQV DQG RIͳͲ݉݉ DZD\ IURP WKH
DEVRUEHUSODWH)LJ7KHWRWDOQXPEHURIFRPSXWDWLRQDOFHOOVZDV07KHVLPXODWLRQVKDYHEHHQSHUIRUPHGRQ
D+LJK3HUIRUPDQFH&RPSXWLQJ&OXVWHUDYDLODEOHDW2[IRUG%URRNHV8QLYHUVLW\
)LJD+H[DKHGUDO0HVKFUHDWHGDURXQGWKHSODWHDQGLQWKHIUHHVWUHDPUHJLRQE'HWDLOVRIWKHFRQLFDOJULGVFKHPHWRFDSWXUHWKHMHWIORZ
&)'PRGHOFRQILJXUDWLRQJHRPHWU\DQGERXQGDU\GHWDLOVDUHJLYHQLQ)LJ%DVHGRQWKHSURWRW\SHFDVVHWWH
SDQHO76& WKHPRGHO FRPSULVHV FLUFXODU SHUIRUDWLRQVZLWK PPSLWFK GLVWDQFH DQG VTXDUH OD\RXW7KH VXFWLRQ
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YHORFLW\ሺ ௦ܸሻYDULHG IURP  WR PVZLWK W\SLFDO VXFWLRQ UDWLRVሺ ௦ܸ ܷஶሻΤ  DGRSWHG IURP WKHPHDVXUHPHQWV KLJKO\
RYHUPV7KLVVXJJHVWVWKDWDV\PSWRWLFERXQGDU\OD\HULVH[SHFWHGWRGHYHORSRYHUWKHSHUIRUDWHGSODWHLQWKH
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SHUIRUDWHGSODWHFDXVLQJYDULDELOLW\LQWKHKHDWJDLQRIWKHV\VWHPDQGFRQVHTXHQWWHPSHUDWXUHULVH
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KLJKHU VXUIDFH WHPSHUDWXUH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x 7KHPRGHO LV FRPSUHKHQVLYH LQ QDWXUH DQG FDQ IOH[LEO\ DFFRXQW IRU YDULDEOHV ZKLFK DUH HVVHQWLDO IRU V\VWHP
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